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 Liver fibrosis is a typical feature of abnormal liver structure and excessive collagen 

deposition. It is a chronic liver disease with some potential for reversal. Nonetheless, 

liver fibrosis remains a formidable clinical challenge. In this study, we investigated 

the anti-fibrotic mechanisms of fenofibrate and its therapeutic potential in liver 

fibrosis. Two liver fibrosis models were established in C57BL/6 mice: one induced 

by intraperitoneal carbon tetrachloride (CCl4) administration for 8 weeks, and the 

other by bile duct ligation (BDL) for 2 weeks. The BDL procedure involved exposing 

the common bile duct, followed by ligation and transection between the two tied 

points. Fenofibrate (50 and 100mg/kg) was administered via intraperitoneal injection 

three times per week. Gene and protein expression levels in tissues and cells were 

analyzed using RT-qPCR, Western blot, immunohistochemistry (IHC), 

immunofluorescence (IF), and other relevant techniques. Liver tissues were utilized 

for histological staining and transmission electron microscopy (TEM). The results 

showed that fenofibrate did not induce significant toxicity to the liver. Fenofibrate 

alleviated extracellular matrix (ECM) deposition in BDL and CCl4-mediated liver 

fibrosis models and regulated the balance between tissue inhibitor of 

metalloproteinase (TIMP)-2 and matrix metalloproteinase (MMP)-2. Fenofibrate 

reduced hepatic stellate cells (HSCs) activation and autophagy through the 

peroxisome proliferator-activated receptor alpha (PPARα)/cyclic GMP-AMP 

synthase (cGAS)/stimulator of interferon genes (STING) and transforming growth 

factor beta 1 (TGFβ1)/smad family member 3(smad3) pathways. To summarize, 

fenofibrate alleviated liver fibrosis through suppressing HSCs activation. 

 

Key words:  

Autophagy 

Fenofibrate 

Liver fibrosis 

Pparα/cgas/sting 

Tgfβ1/smad3 

 

To Cite This Article: Cheng Z, Fu L, Yimamu M, Feng J, Wu L, Hu Y, Wu J, Xu X and Guo C, 2025. Fenofibrate 

Inhibits Hepatic Stellate Cell Activation and Autophagy in Liver Fibrosis through the Tgfβ1/Smad3 and 

Pparα/Cgas/Sting Pathways. Pak Vet J. http://dx.doi.org/10.29261/pakvetj/2025.161  

 

INTRODUCTION 

 

Chronic liver damage over an extended period can 

result in liver cirrhosis, fibrosis, or liver cancer (Abou 

Monsef and Kutsal, 2021; Acharya et al., 2021; Savić et 

al., 2024). Although previously considered a prolonged and 

irreversible process, some research has suggested that this 

progression is not entirely uncontrollable (Ramachandran 

et al., 2015; Pearson and Thomson, 2024). By removing 

risk factors and applying active treatment, the remarkable 

regenerative capacity of the liver can reverse such damage 

(Martello et al., 2023; Feng et al., 2024). However, if a 

persistent wound-healing response occurs, it promotes 

hepatic stellate cell (HSC) activation, which then causes 

HSCs to transform into myofibroblasts from the quiescent 

state (Dou et al., 2018; Krenkel et al., 2019) 

HSCs can be detected primarily in the sub endothelial 

space of Disse within the liver (Chauhan et al., 2024). 

Abnormal HSCs activity disrupts the extracellular matrix 

(ECM) and excessive synthesis or insufficient degradation 
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of the ECM can lead to scarce replacement of the normal 

liver structure (Gupta et al., 2019). No effective anti-

fibrotic drugs are available for controlling the progression 

of fibrosis (Shan et al., 2022). Therefore, elucidating the 

molecular mechanisms and potential therapeutic targets of 

liver fibrosis is extremely important for improving disease 

outcomes. 

Autophagy is a process that involves intracellular 

waste degradation and recycling and exerts an important 

effect on maintaining intracellular homeostasis and 

organelle renewal (Ferrara et al., 2023). This process 

involves basal autophagy and autophagy induced by stress 

(Sun et al., 2021). The former serves as a protective 

mechanism and promotes cell growth (Kar et al., 2019). 

However, an overabundance of autophagy might induce 

metabolic stress, disrupt cellular components, and even 

lead to cell death (Slavin et al., 2018). Autophagy 

manifests differently in different cells. In HSCs, abnormal 

autophagy promotes their activation, enhances the 

synthesis and secretion of the ECM, and provides the 

energy necessary for ECM production (Kim et al., 2017). 

The ECM provides structural support to cells, 

modulates cell activity, and provides important biological 

information for the proper functioning of the body 

(Strackeljan et al., 2021). The ECM can continuously 

activate HSCs via relevant signaling pathways. Notably, 

the TGF-β/Smad pathway is crucial for liver fibrosis. TGF-

β1 is an important driver of HSC activation and binds to its 

receptors TβRI and TβRII. Downstream Smad2/3 is 

activated and translocated to the nucleus. Thus, it exerts a 

key effect on modulating fibrosis-related gene levels 

(Denton et al., 2005; Kim et al., 2020). TGF-β/Smad 

pathway enhances autophagy within cells associated with 

fibrosis by increasing autophagy-related gene levels, such 

as Bcl-2-Interacting Protein (Beclin)-1 and Microtubule-

Associated Protein 1 Light Chain (LC3)-II (Ding et al., 

2014). 

Abnormal DNA in the cytoplasm activates cGAS and 

later produces 2’3’ cyclic GMP-AMP (cGAMP), a second 

messenger. This cGAMP can combine with STING and 

activate it, further activating TBK1 and inducing the 

nuclear transport of IRF3 and NF-κB (two transcription 

factors) (Yum et al., 2021; Balka et al., 2023; Pan et al., 

2023). cGAS/STING pathway activation is tightly 

associated with cell autophagy. Beclin-1 phosphorylates 

TBK1 (Yamano et al., 2024), and STING partially 

colocalizes with LC3 (Gui et al., 2019; Liu et al., 2019). 

This mechanism indicates that the pathway is upstream of 

autophagy, where it senses damaged DNA and stress 

signals, triggers autophagy, and facilitates cellular 

clearance. 

Fenofibrate is a drug that is used for treating 

cardiovascular disease and hyperlipidemia (Miceli et al., 

2021; Munro et al., 2021). Mostly, it is used to treat 

hyperlipidemia, diabetes, and atherosclerosis in humans, 

but its effects have also been studied in animals (Crakes 

et al., 2021). It is a peroxisome proliferator-activated 

receptor α (PPARα) agonist. PPARα, a nuclear receptor, 

inhibits liver fibrosis development through modulating 

lipid metabolism, suppressing inflammatory responses, 

while alleviating oxidative stress (Chen et al., 2021; 

Echeverria-Villalobos et al., 2024). It can inhibit the 

TGF-β/Smad pathway and reduce signal transmission. 

PPARα significantly inhibits cGAS and STING, thus 

alleviating inflammation and the formation of new blood 

vessels (Lyu et al., 2024). These findings indicate that 

fenofibrate can modulate both pathways to achieve anti-

fibrotic effects. 

This study assessed how fenofibrate affects the TGF-

β/Smad and cGAS/STING signaling pathways in two 

animal models: CCl4 and bile duct ligation (BDL). We 

found that fenofibrate ameliorated liver fibrogenesis by 

suppressing HSC activation and modulating autophagy 

through these two pathways. These findings provided 

information on the associations of these genes with 

autophagy and new targets for treating fibrosis. 

 

MATERIALS AND METHODS 

 

Reagents: Fenofibrate was purchased from 

MedChemExpress (Shanghai, China). Pentobarbital 

sodium salt was provided by Sigma-Aldrich Co. (St. Louis, 

MO, USA), while carbon tetrachloride (CCl4) was obtained 

in China Sinopharm International Corporation (Shanghai, 

China). Kits used to analyze alanine aspartate 

aminotransferase (AST), aminotransferase (ALT), and 

hydroxyproline levels were acquired in the Jiancheng 

Bioengineering Institute in Nanjing, China. Primary 

antibodies against Beclin-1, LC3, p62, MMP2, TIMP2, α-

SMA, PPARα, cGAS, and STING were provided by 

Proteintech (Chicago, IL, USA). Collagen I, TGF-β1, 

Smad3, and p-Smad3 antibodies were acquired in Abcam 

(Cambridge, MA, USA). The PCR kit was obtained in 

Takara (Takara Biotechnology, Dalian, China). 

 

Animals: Shanghai SLAC Laboratory Animal Co., Ltd. 

provided eight-week-old male C57BL/6 mice (body 

weight: 23±3g) for this study. The mice were maintained 

under standard conditions (24±2°C and 60% humidity) and 

were allowed to drink water and take food freely. Animal 

experiments followed guidelines provided by National 

Institutes of Health (NIH) and gained approval from the 

Animal Care and Use Committee of Tongji University, 

Shanghai. 

 

Model establishment and drug treatment 

Preliminary experiment: In total, we randomized 20 mice 

in four groups (n=5 each). The control group was not 

treated, while the vehicle group was given intraperitoneal 

injections of peanut oil thrice weekly for two weeks. The 

FF group was intraperitoneally injected with 100mg/kg 

fenofibrate thrice weekly for two weeks. Mice in the sham 

group underwent sham surgery. Fenofibrate was blended 

sufficiently with corn oil, and two weeks later, the animals 

were euthanized through cervical dislocation. Then, serum 

and liver samples were harvested for ALT and AST 

measurements and pathological analysis. 

 

Main experiments: For the BDL-mediated liver fibrosis 

model, the C57BL/6 mice were starved for a 24h period 

prior to anesthesia by intraperitoneal injection with 1.25% 

sodium pentobarbital (Nembutal, St. Louis, MO, USA). 

After opening the abdominal cavity, a portion of the bile 

duct was exposed, ligated at both ends, and severed 

between the ligatures, and finally, the abdominal cavity 

was closed. Following BDL surgery, fenofibrate was 
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administered intraperitoneally, starting on the second day. 

Next, we randomized 24 animals as four groups (n=6 each): 

1) Sham group: animals undergoing laparotomy with no 

BDL; 2) BDL group: animals undergoing the BDL 

operation; 3) fenofibrate 50mg/kg group: BDL animals that 

were administered 50mg/kg fenofibrate thrice weekly for 

two weeks; 4) fenofibrate 100mg/kg group: BDL animals 

that were administered 100mg/kg fenofibrate thrice every 

week for two weeks. Blood and liver samples were 

harvested in subsequent analyses. 

For the liver fibrosis model induced by CCl4, the 

animals were given an injection of 10% CCl4 (1.0mL/kg, 

dissolved in peanut oil) thrice weekly for eight weeks. 

Fenofibrate (50 or 100mg/kg) was administered 

intraperitoneally during this period. A total of 24 animals 

were divided as four groups (n=6): 1) Vehicle group given 

intraperitoneal injection of peanut oil; 2) CCl4 group given 

CCl4 injection; 3) fenofibrate 50mg/kg: mice were 

administered both CCl4 and 50mg/kg fenofibrate thrice 

every week for two weeks; 4) fenofibrate 100mg/kg: mice 

were administered CCl4 and 100mg/kg fenofibrate thrice 

every week for two weeks. Blood and liver specimens were 

harvested in subsequent assays. 

 

Cell culture and CCK8 assay: We cultivated human 

immortal LX2 cells within high-glucose DMEM that 

contained 10% FBS as well as 1% penicillin-streptomycin. 

Cells of logarithmic growth phase were subsequently 

inoculated in 96-well plates prior to 48h of culture and an 

additional 24h of 0–48μM FF treatment. The 96-well plate 

was placed in a microplate reader, and the optical density 

(OD) was measured at a wavelength of 450nm to calculate 

cell viability. 

 

Biochemical assays: Blood was sampled and preserved at 

-80°C, followed by 10min of centrifugation at 4600×g to 

separate the serum, which was subsequently preserved 

under -80°C. AST and ALT levels were detected using the 

automatic chemical analyzer (Olympus AU1000, 

Olympus, Tokyo, Japan). Hydroxyproline content was 

measured using a corresponding kit following specific 

protocols. 

 

Histopathology: Liver left lobe samples were fixed within 

4% formaldehyde before gradient ethanol dehydration, 

paraffin embedding, and preparation into 5μm tissue 

sections for hematoxylin and eosin (H&E) staining for 

assessing liver damage. Collagen deposition was detected 

using Masson’s trichrome (MT) staining. The MT staining 

procedure involved sequentially adding modified 

Weigert’s iron hematoxylin, Biebrich scarlet-acid fuchsin 

solution, and aniline blue for staining. 

 

Quantitative real-time reverse transcription-

polymerase chain reaction (qRT-PCR): This study 

utilized the TRIzol reagent (Tiangen Biotech, Beijing, 

China) for extracting total RNA following specific 

protocols, which was then used for preparing cDNA via 

reverse-transcription. The specific experimental 

procedures were as follows: After lysing the samples with 

TRIzol, chloroform was added for shaking and extraction. 

The supernatant was then collected and precipitated with 

isopropanol. The precipitate was subsequently dissolved in 

RNase-free water to measure the RNA concentration. We 

then utilized the 7900HT Fast Real-Time PCR system 

(Applied Biosystems, Foster City, CA, USA) 

(Wawrusiewicz-Kurylonek et al., 2020), SYBR Green 

qRT-PCR for measuring gene expression (Çelik et al., 

2023). All primers adopted in PCR can be observed from 

Table 1. 
 

Table 1: Primer sequences in qRT-PCR 

Gene  Primer (5′–3′) 

Col-I Forward CAATGGCACGGCTGTGTGCG 
 Reverse AGCACTCGCCCTCCCGTCTT 
α-SMA Forward CCCAGACATCAGGGAGTAATGG 
 Reverse TCTATCGGATACTTCAGCGTCA 
Beclin-1 Forward ATGGAGGGGTCTAAGGCGTC 
 Reverse TGGGCTGTGGTAAGTAATGGA 
LC3 Forward GACCGCTGTAAGGAGGTGC 
 Reverse AGAAGCCGAAGGTTTCTTGGG 

p62 Forward GAGGCACCCCGAAACATGG 
 Reverse ACTTATAGCGAGTTCCCACCA 

TIMP1 Forward CGAGACCACCTTATACCAGCG 
 Reverse ATGACTGGGGTGTAGGCGTA 
MMP2 Forward GGACAAGTGGTCCGCGTAAA 
 Reverse CCGACCGTTGAACAGGAAGG 

TGF-β1 Forward CCACCTGCAAGACCATCGAC 

 Reverse CTGGCGAGCCTTAGTTTGGAC 

PPARα Forward ACCACTACGGAGTTCACGCATG 
 Reverse GAATCTTGCAGCTCCGATCACAC 
cGAS Forward TTCCACGAGGAAATCCGCTGAG 
 Reverse CAGCAGGGCTTCCTGGTTTTTC 
STING Forward CACGCGTCCGCCCAC 
 Reverse TCGAGACTCGGGGACATCTT 
β-actin Forward GGCTGTATTCCCCTCCATCG 
 Reverse CCAGTTGGTAACAATGCCATGT 

 

Western blot: We adopted RIPA lysis buffer for extracting 

total protein, after which we used the BCA kit for 

measuring the protein content. The proteins were preserved 

at -20°C. Then, protein aliquots (80μg) were used to 

perform 7.5–12.5% SDS-PAGE for separation, after which 

they were added into polyvinylidene difluoride (PVDF) or 

nitrocellulose (NC) membranes. After 1h of blocking with 

5% defatted milk for preventing nonspecific binding, 

primary antibodies were added to incubate membranes 

overnight under 4°C. After 10min of washing by PBS that 

contained 0.05% Tween-20 (PBST) three times, 

membranes were further probed using secondary 

antibodies under ambient temperature for a 1h duration. 

After rinsing with PBST for 30min, samples were 

evaluated using the Odyssey Infrared Imaging System (LI-

COR Biosciences, Lincoln, NE, USA). 

 

Immunohistochemical staining: After the liver tissue 

sections were embedded in paraffin, they underwent 

deparaffinage and rehydration. The sections were heated 

for a 1h duration within citrate buffer (pH 6.0) under 60°C 

for antigen retrieval, later treated with 3% hydrogen 

peroxide for blocking endogenous peroxidase activity, 

whereas 5% bovine serum albumin (BSA) was added to 

block nonspecific binding sites. Primary antibodies (1:500 

dilution) were subsequently added to incubate membranes 

overnight under 4°C. Later, secondary antibodies matching 

the host species of the primary antibodies were utilized to 

incubate samples under ambient temperature for a 30min 

duration. An optical microscope was used to observe the 

samples, and the integral optical density (IOD) was 

determined using the Image-Pro Plus software 6.0 (Media 

Cybernetics, Silver Spring, MD, USA). 
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Immunofluorescence staining: Following cell plating, the 
coverslips were removed and rinsed with PBS, followed by 
fixation with 4% paraformaldehyde and 5% BSA blocking. 
We later incubated coverslips overnight using primary 
antibodies (1:500 dilution in 3% BSA) under 4°C. 
Following PBS rinsing, secondary antibodies labeled 
through fluorescence matching the host species of the 
primary antibodies were applied for a 1h duration at 
ambient temperature. Following PBS washing, DAPI was 
adopted for nuclear visualization. A mounting medium 
containing the anti-fluorescence quenching agent was used, 
and the fluorescence microscope was applied in capturing 
fluorescence images. 
 

Transmission electron microscopy: The 3% 
glutaraldehyde was added to fix liver samples, followed by 
epoxy resin embedding and cutting into thin slices (1.5μm 
thick) for staining with toluidine blue. Ultrastructure was 
monitored under the transmission electron microscope 
(JEM 1230; JEOL, Tokyo, Japan). 
 

Statistical analysis: This study utilized GraphPad Prism 
version 10.0 for making figures and performing statistical 
analysis. The results were analyzed with Student's t test and 
one-way ANOVA analysis. Data were represented by mean 
±standard deviation (SD). P<0.05 stood for statistical 
significance. 
 

RESULTS 
 

Fenofibrate does not cause significant toxicity to 

the liver structure or function： To exclude the potential 

effects of surgery or the drug alone on liver function, we 
compared groups treated with a sham operation, vehicle, 
FF, and the control. ALT and AST levels in blood serum 
were analyzed, while the hydroxyproline content was 

assessed in liver tissue. No significant liver damage was 
found among the different groups (Fig. 1A-C). H&E 
staining revealed no adverse effects on liver structure (Fig. 
1 D), indicating that neither surgery nor drug treatment 
induced noticeable liver damage. 
 

Fenofibrate alleviates CCl4-induced and BDL-induced 

liver fibrosis: To evaluate whether fenofibrate positively 
affects liver function in fibrosis models, we measured ALT, 
AST, and hydroxyproline levels in the plasma and liver 
tissue (Fig. 2A-C). Compared to the control group, CCl4 
and BDL groups presented markedly greater ALT, AST, 
and hydroxyproline contents. However, the intraperitoneal 
injection of fenofibrate substantially decreased liver 
damage. A CCK8 assay was also conducted to determine 
the IC50 of FF in cell experiments, which was found to be 
27.08μM (Fig. 2D). Therefore, concentrations of 24μM (L) 
and 30μM (H) were selected for further cell experiments. 
Liver tissue staining (Fig. 2E) revealed that in the vehicle 
and sham groups, the cytoplasm was clear with prominent 
nuclei and nucleoli. The BDL group exhibited cholangiolar 
hyperplasia, collagen deposition in the portal area, and liver 
tissue structural reorganization. The CCl4 group exhibited 
hepatocyte swelling, vacuolization, necrosis, 
inflammation, and abnormal collagen fiber proliferation. 
After treatment with fenofibrate, these liver abnormalities 
were significantly reduced. MT staining of liver tissue 
showed a similar pattern of collagen deposition. Thus, 
fenofibrate has beneficial effects on fibrosis. 
 

Fenofibrate inhibits ECM production: The Col-1 and α-
SMA contents remarkably increased in model groups 
compared with the control group (Fig. 3A). These results 
matched the Western blot and qRT-PCR results (Fig. 3B-
D). After treatment with FF, these changes were reversed 
in   a   dose-dependent   manner.   COL1   also   significantly 

 

 
 
Fig. 1: Effects of fenofibrate administration and surgery on normal mice. (A-C) Serum ALT, AST, and liver hydroxyproline levels of the four groups were 
not significantly different. Data are represented by mean ± SD (n=5, P>0.05). (D) Typical H&E-stained liver sections (original magnification, ×200). 
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Fig. 2: Roles of FF in liver function and pathology in BDL-induced and CCl4-mediated liver fibrosis. (A) Serum ALT contents represented by mean 

±SD (n=6; *P<0.05). (B) Serum AST contents represented by mean ±SD (n=6; *P<0.05). (C) Hydroxyproline contents represented by mean ±SD 
(n=6; *P<0.05). (D) Cytotoxicity induced by different concentrations of FF in LX2 cells analyzed through CCK8 assay. (E) Effects of FF on pathological 
changes during liver fibrosis were visualized through H&E and Masson’s trichrome staining (original magnification, ×200). 
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Fig. 3: FF regulated the activation of HSCs and balanced TIMP1 and MMP2. (A) Relative Col-1 and α-SMA levels determined through qRT-PCR and 

represented by the mean ±SD (n=3; *P<0.05). (B) Western blot conducted for measuring Col-1, α-SMA, TIMP2, and MMP2 protein levels. (C & D) 
Col-1 and α-SMA protein expression within liver tissues was evaluated through immunohistochemistry. The positively stained area proportion was 
determined by the Image-Pro Plus 6.0 software (original magnification, ×200; n=3; *P<0.05). (E) Immunofluorescence (IF) staining of Col-1 within LX2 

cells from NC and FF(H) groups (original magnification, ×200). 
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changed in LX2 cells (Fig. 3E). Protein analysis of mouse 

tissues revealed that MMP-2 was up-regulated, whereas 

TIMP-2 was down-regulated in the fenofibrate groups (Fig. 

3B). These results suggested that fenofibrate inhibits ECM 

production and regulates the MMP/TIMP balance in liver 

fibrosis. 

 

Fenofibrate inhibits autophagic activity in liver 

fibrosis: For determining how autophagy affected liver 

fibrosis, this study assessed Beclin-1, sequestosome 1 

(p62), and LC3 (autophagy markers) levels by conducting 

qRT-PCR assays (Fig. 4A). Beclin-1 was found to promote 

autophagosome formation, and LC3 expression 

considerably increased in model groups, whereas p62 

expression was lower. Fenofibrate treatment reversed these 

changes in a dose-dependent manner. Transmission 

electron microscopy (TEM) revealed more 

autophagosomes in the BDL and CCl4 groups than in the 

other groups (Fig. 4B). The results of the Western blot and 

immunohistochemistry assays confirmed these findings 

(Fig. 4C-D). Additionally, when an autophagy activator, 

the soybean peptide QRPR, was applied to LX2 cells, the 

antifibrotic effect of fenofibrate was inhibited (Fig. 4E). To 

summarize, fenofibrate alleviates the autophagic activity 

associated with liver fibrosis. 

 

Fenofibrate inhibits HSC activation via the 

TGFβ1/Smad3 and PPARα/cGAS/STING pathways: 

We examined cGAS and STING RNA levels and found 

that their expression was upregulated under conditions of 

fibrosis (Fig. 5A). After treatment with fenofibrate, the 

expression levels decreased. TGFβ1/Smad3 is a classic 

fibrogenic pathway. By measuring TGF-β1 protein levels, 

we found that fenofibrate mitigated the harmful effects of 

BDL and CCl4 on the liver (Fig. 5B-C). The level of protein 

expression in animals and cells was consistent with these 

results (Fig. 5D). After drug treatment, PPARα was 

regulated, while TGF-β1 expression was downregulated. 

TGF-β1 activates the receptor and phosphorylates Smad3, 

inducing ECM synthesis and deposition and promoting the 

activation and trans-differentiation of HSCs. Based on 

qRT-PCR, Western blot, and immunohistochemistry 

assays, Smad3 levels did not change significantly in the 

model group, but p-Smad3 levels were upregulated. This 

change was reversed by fenofibrate, with consistent results 

observed in cells. 

 

DISCUSSION 

 

Liver fibrosis, the frequently reported pathological 

process, results from different factors, with a common 

reason being chronic liver injury (Bao et al., 2021; 

Saravanan and Ramkumar, 2024; Ling et al., 2025). 

Fenofibrate mainly regulates lipid metabolism through 

activating PPARα; it displays strong anti-inflammatory 

(Nakanishi et al., 2023) and antioxidant activities (Ibáñez 

et al., 2023). Researchers have primarily investigated its 

effects on hyperlipidemia (Miceli et al., 2022), diabetes 

(Alsaleem et al., 2025), and atherosclerosis (Spartalis et al., 

2021) in humans and animals. However, the role of 

fenofibrate in liver fibrosis remains unclear. 

The safety profile of the drug significantly influences 

its progression from the laboratory research to the clinical 

application. No significant differences in liver injury were 

found among the sham operation, vehicle, FF, and control 

groups. This result indicated that fenofibrate is not toxic to 

the liver, conforming to prior findings of applying 

fenofibrate in treating metabolic diseases. 

Fenofibrate showed significant protective effects on liver 

fibrosis models caused by CCl4 and BDL, alleviating liver 

injury and related symptoms of fibrosis. Fenofibrate exerts 

therapeutic effects by lowering ALT and AST levels, 

reducing hepatocellular damage, and mitigating structural 

changes in the liver. The CCl4 and BDL models are important 

experimental models for research on liver fibrosis; the CCl4 

model is widely used to simulate toxin-induced liver injury 

(Zira et al., 2013), and the BDL model induces liver injury 

and fibrosis through biliary obstruction (Tag et al., 2015). The 

use of both models increases the reliability of the results and 

broadens the applicability of the study. Antifibrotic drugs 

mainly focus on small molecules or TGF-β signaling 

inhibitors (Nanthakumar et al., 2015; Luangmonkong et al., 

2018; Vistnes, 2024), but there are no effective drugs that 

specifically target liver fibrosis, especially those that can 

reverse established fibrosis. Fenofibrate may reveal a new 

strategy to treat liver fibrosis. 

Based on the results of the preliminary experiment, we 

initially concluded that fenofibrate had no significant toxic 

or side effects in mice. Consequently, we proceeded to 

conduct the formal experiment on mice. During fibrosis, 

the accumulation of ECM, particularly collagen (COL1) 

deposition, is a hallmark of liver fibrosis (Parsons et al., 

2007), and an increase in ECM deposition is closely 

associated with activated HSCs expressing α-smooth 

muscle actin (α-SMA) (Katoh et al., 2020). Activated 

fibroblasts promote collagen synthesis through the 

expression of α-SMA, which is tightly associated with 

fibrosis occurrence. The normal ECM composition is 

generally balanced, but in fibrosis, excessive ECM 

synthesis coupled with restricted degradation leads to 

structural changes and impaired liver function (Matsuda 

and Seki, 2020). The results of this study suggested that 

fenofibrate, by downregulating COL1 and α-SMA 

expression, may help restore the ECM balance and delay or 

reverse liver fibrosis. ECM degradation can be modulated 

by matrix metalloproteinases (MMPs), whose activity is 

controlled by TIMPs (Bourboulia and Stetler-Stevenson, 

2010). MMP2 is a key enzyme in COL1 degradation, and 

TIMP-2 is its primary inhibitor (Li et al., 2018). We found 

that after fenofibrate treatment, MMP-2 activity increased 

while TIMP-2 levels decreased, indicating that fenofibrate 

promoted ECM degradation by modulating the 

MMP/TIMP balance, further decreasing the progression of 

fibrosis. This action was also reported in humans and 

animals (Shan et al., 2023), suggesting that regulation of 

the MMP/TIMP balance can effectively control ECM 

metabolism and prevent the progression of fibrosis. 

Autophagy is activated in cells under stress (such as 

nutrient deprivation, oxidative stress, and injury) for 

organelle degradation and material recycling. HSCs 

activation accounts for the core process during liver fibrosis 

and requires substantial energy and metabolic resources for 

cell proliferation, migration, and ECM synthesis. Autophagy 

helps provide these metabolic resources by degrading 

intracellular components to produce fatty acids, amino acids, 

and nucleotides (Durrant et al., 2016; Ma et al., 2018).  
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Fig. 4: The effect of FF on 
autophagy. (A) The 

relative levels of Beclin-1, 

LC3, and P62 were 
determined through qRT-
PCR and represented by 

mean ±SD (n=3; *P<0.05). 
(B) TEM analysis of 
autophagosome 

formation in the 
Sham/Vehicle, BDL/CCl4, 
and FF(H) groups (red 

arrows). (C) Western 
blot conducted for 
measuring Beclin-1, LC3, 
and P62 protein levels. (D) 

Beclin-1 and LC3 protein 
levels within liver tissues 
were detected through 

immunohistochemical 
analysis. The positively 
stained area proportion 

determined by the Image-
Pro Plus 6.0 software 
(original magnification, 

×200; n=3; *P<0.05). (E) 
Cell growth was observed 
in the presence of the 

autophagy inhibitor 
soybean peptide QRPR 
under a microscope 
(original magnification, 

×200). 
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Fig. 5: FF alleviated liver fibrosis through the TGF-β1/Smad3 and cGAS/STING pathways. (A) TGF-β1, PPARα, cGAS, and STING levels were measured 
through qRT-PCR and represented by mean ±SD (n=3; *P<0.05). (B) Western blot conducted for determining TGF-β1, Smad3, p-Smad3, PPARα, cGAS, 
and STING protein levels. (C) Immunohistochemical staining was performed to evaluate TGF-β1, p-Smad3, and PPARα protein levels within liver tissues. 
The positively stained area proportion determined by the Image-Pro Plus 6.0 software (original magnification, ×200; n=3; *P<0.05). (D) IF staining was 
performed to detect TGF-β1, p-Smad3, PPARα, cGAS, and STING within LX2 cells from NC and FF(H) groups (original magnification, ×200). 
 

 

Fig. 6: The potential mechanism of the efficacy of FF in liver fibrosis. 

Note: Fenofibrate inhibits liver fibrosis by TGF-β1/Smad3 and 

PPARα/cGAS/STING pathways. After TGF-β1 binds to the receptor, 
smad3 is activated to generate the complex with Smad4, and it then 

enters nucleus to exert its effects. Moreover, PPARα inhibits TGF-β1 and 
cGAS; cGAS acts on STING and Beclin-1, and STING acts on LC3. When 
fenofibrate activates PPARα, this anti-autophagic effect is enhanced, 
thereby exerting an anti-liver fibrosis effect. 

By improving autophagosome formation and 
autophagy markers Beclin-1 and LC3 levels, fenofibrate 
may inhibit the excessive activation of HSCs, thus 
alleviating collagen accumulation and the development of 
liver fibrosis (Fan et al., 2024; Liu et al., 2024). Beclin-1 
and LC3 are key autophagy markers; Beclin-1 promotes 
autophagosome formation (Quiles et al., 2023), and LC3 
is a component of the autophagosomal membrane 
(Kabeya et al., 2000). The autophagy receptor p62 binds 
and labels substances for degradation (Liu et al., 2016). A 
decrease in p62 levels generally indicates insufficient 
clearance of degraded substances, which may lead to the 
accumulation of toxic materials (Wang et al., 2019). In 
this study, a recovery experiment was conducted for 
verifying the inhibition of fenofibrate against autophagy 
of liver fibrosis. 

PPARα has an important effect on resisting liver 

fibrosis through modulating inflammatory responses and 

fatty acid metabolism (Devchand et al., 1996). In fibrosis, 

PPARα inhibits TGF-β1/Smad-3 pathway activation, 

reducing the activation and transdifferentiation of 

fibroblasts (Lyu et al., 2019). Fenofibrate can reverse TGF-

β1 up-regulation and down-regulate p-Smad3 levels, 
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supporting PPARα’s ability to modulate the TGF-

β1/Smad-3 pathway.  

cGAS/STING pathway accounts for a DNA-sensing 

pathway closely related to autophagy. After DNA is 

stimulated, STING interacts with the autophagy marker 

LC3, and cGAS interacts with Beclin-1 to promote 

autophagy (Liang et al., 2014). The cGAS/STING 

pathway has aroused great interest recently; studies have 

suggested its involvement in liver fibrosis, although the 

exact mechanism remains unclear (Chen et al., 2022; 

Liang et al., 2022). TGF-β1 can also regulate the activity 

of PPARα, affecting cellular lipid metabolism and renal 

fibrosis (Sekiguchi et al., 2007; Lyu et al., 2019). A 

similar study conducted by Crakes et al. (2021) concluded 

that administration of fenofibrate in canines regulates the 

PPARα, thus reducing the triacylglycerol, diacylglycerol 

in blood and prevents liver damage. The cGAS and 

STING levels increased within liver fibrosis models and 

decreased after treatment with fenofibrate. These findings 

suggested that fenofibrate may regulate autophagy by 

suppressing cGAS/STING pathway, thus affecting HSCs 

activation and liver fibrosis development. Research 

showed that after the knockout of the PPARα gene, cGAS 

and STING are significantly upregulated. PPAR α 

mediates the cGAS/STING pathway, regulates 

mitochondrial function, and influences cell activation 

(Dong et al., 2023; Pan et al., 2025). The relationship of 

cGAS/STING pathway with autophagy involves 

interaction between STING and the autophagy marker 

LC3. After DNA damage, the association between cGAS 

and Beclin-1 further promotes autophagy, and this may 

protect against fibrosis by removing damaged cells and 

limiting fibrosis occurrence. TGF-β1 activation promotes 

ECM deposition, whereas the STING pathway is related 

to regulating the degree of deposition by modulating 

autophagic responses (Fig. 6). 

Although this study provided important information 

on the application of fenofibrate in the treatment of liver 

fibrosis, it has several limitations. First, the animal models 

used (such as BDL and CCl4 treatment) are common, but 

they may not fully mimic the complex mechanisms of 

human liver fibrosis, especially in the context of fibrosis 

induced by different etiologies, where differences between 

models may limit clinical applicability. Second, the short-

term experiments did not fully reflect whether fenofibrate 

is safe and effective in the long term to treat chronic 

diseases (Cho and Park, 2014; Wrońska et al., 2024; 

Kobuchi et al., 2025). While experiments have shown that 

fenofibrate can inhibit ECM production, its efficacy in 

different fibrosis models and clinical safety needs further 

verification. Lastly, the study focused on specific 

pathways; other mechanisms by which fenofibrate may be 

exerting its effects could be explored. 

To summarize, we speculated that fenofibrate can 

significantly alleviate the progression of fibrosis. 

Fenofibrate reduced ECM accumulation and alleviated 

excessive autophagy in liver fibrosis through TGF-

β1/Smad-3 and PPARα/cGAS/STING pathways. 
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